Introduction 33
The visual system encodes object information to guide the hand during grasping (Castiello, 2005 ; 34 Jeannerod et al., 1995) . In the macaque monkey, the Anterior Intraparietal area (AIP) is part of the 35 dorsal visual stream, which is known to be crucial for the visual analysis of space and the visual guidance 36 of actions (Goodale and Milner, 1992) . Reversible inactivation of AIP causes a pronounced grasping 37 deficit (Gallese et al., 1994) , and many AIP neurons are active during grasping, encoding both object 38 features (Murata et al., 2000) and grip type (Baumann et al., 2009; Murata et al., 2000) . 39
Previous studies (Murata et al., 2000; Sakata et al., 1998; Taira et al., 1990 ) have demonstrated 40 that AIP contains a variety of neurons that either fire equally during grasping in the dark and in the light 41 (motor-dominant neurons), less in the dark than in the light and during object fixation (visuomotor 42 neurons), or only during grasping in the light and object fixation (visual dominant neurons). In recent 43 years, it has become clear that AIP neurons not only respond to real-world objects but also to images of 44 objects. Since Durand and colleagues showed stronger fMRI activations for disparity-defined curved 45 surfaces compared to flat surfaces in AIP (Durand et al., 2007) , subsequent studies have investigated 46
Stimuli and tests 118
Our experimental paradigm consisted of a passive fixation task. Each trial began with the 119 presentation of a small square in the center of the screen (fixation point; 0.2 x 0.2 deg). When the eye 120 position remained within an electronically-defined 1 deg square window around the fixation point for at 121 least 500 ms, a visual stimulus was presented on the screen, lasting for 500 ms. Trials were considered 122 correct when the monkey kept a stable fixation until stimulus offset, receiving a drop of water as 123 reward. 124
The original stimulus set used for the Search Test consisted of 21 two-dimensional (2D) surface area-125 equalized static images of natural and man-made objects, as illustrated in Figure 1B . Because of the large 126 variation in surface area, we split the images into two categories (round vs elongated stimuli), and area-127 equalized the stimuli accordingly (surface area for round stimuli = 26.1 deg 
deg). 139
During the experiments, we searched for responsive neurons in pAIP while the images of the 140 original stimulus set (~5 deg diameter) were presented randomly interleaved on the display (Search 141 Test). For most neurons, the stimuli were presented at the fixation point (at the center of the display), 142 but if no consistent responses were measured, we first mapped the RF (Position Test, Figure 1D ), and 143 repeated the Search Test while the images of the original stimulus set were presented at the RF center. If 144 the neuron responded to at least one of the stimuli in our sample, we selected the object image evoking 145 the strongest response (termed the preferred image) and a second object image to which the neuron did 146 not respond or responded weakly (designated as the nonpreferred image). Both images were members 147 of the same stimulus category (round or elongated), so that their surface area was equal. Next, a 148
Position Test was used to obtain maps of the RF structure (area mapped: 12x8 deg around the fovea). 149
For this test, the preferred and nonpreferred shapes were resized (~3 deg diameter), and presented 150 interleaved at 35 different positions on the screen, spaced 2 deg apart, and covering both the ipsi-and 151 contralateral visual hemifields ( Figure 1D ). Thus, the Position Test was composed of 70 conditions (2 152 stimuli presented at 35 positions), and we collected at least 6 trials (typically 10 trials) for each condition. 153
We estimated the RF center separately for both shapes, comparing the online peristimulus-time 154 histograms (PSTH) obtained at all positions. Third, we ran the Reduction Test, in which the contours 155 obtained from the preferred and nonpreferred 3 deg images were presented together with their 156 corresponding 4-, 8-and 16-fragments at the RF center. All fragments were shown at the location they 157 occupied in the full contour stimulus. For a subset of cells, the preferred and nonpreferred fragments -158 obtained from the preferred outline-were next used to repeat the Position Test and remap the RF 159 structure. With this procedure we were able to evaluate to what extent the RFs obtained in our pAIP 160 neurons showed stimulus dependency. Finally, we used a Retinotopy Test to analyze wether the RFs of 161 neurons in pAIP were retinotopic or object-centered. To do this, we compared the RFs obtained when 162 the fixation point was presented at the center of the display and when the fixation point was presented 163 at a location 5 deg in the ipsilateral hemifield ( Figure 1D ). For each cell, we chose the most effective 164 stimulus (2D images or fragments). Due to the large number of stimuli used for the Position, Reduction 165 and Retinotopy tests, the fixation time and stimulus duration were reduced to 300 ms in these tasks 166 (300 ms on/300 ms off). 167
Data analysis 168
All data analyses were performed in Matlab (Mathworks). The baseline firing rate was calculated 169 from the mean activity recorded in the 300-ms interval preceding the stimulus onset. Net neural 170 responses were then estimated by subtracting the baseline from the mean activity observed between 50 171 and 300 ms after the onset. For the Reduction Test, we computed an ANOVA to assess the significance of 172 the fragment selectivity at each fragment level (4, 8 and 16-fragments). Following previous studies in the 173 ventral stream (Tanaka et al., 1991) , we designated the Minimum Effective Shape Feature (MESF) as the 174 lowest level of fragmentation (4-, 8-or 16-fragment stimuli) for which we observed a response that was 175 at least 70% of the response to the full contour (outline) and not significantly smaller than that response 176 (one-sided t-test, p > 0.05; see Romero et al., 2014 and Tanaka et al., 1991) . For the Position tests, 177 contour plots were constructed by 2D linear interpolation of the mean responses to the preferred and 178 the nonpreferred images or fragments. We categorized the RFs of the pAIP neurons we tested based on 179 the net responses to the preferred object image (ANOVA), and the location and number of local maxima 180 of the RF in the same test. To do this, we analyzed the significance of the response differences between 181 different positions using ANOVA (p < 0.05). The RFs of neurons which did not show significant response 182 differences across positions were labeled large homogeneous. For neurons with significant response 183 differences across positions (i.e. confined RFs) we determined the global RF maximum and additional 184 local maxima and minima with Matlab routines (Image toolbox, imextendedmax routine, threshold = 185 0.02). Neurons with significant response differences and a single global maximum were considered to 186 have uniform RFs, either foveal or parafoveal depending on the location of the maximum response, and 187 neurons with two or more maxima were considered to have nonuniform RFs. The size of the RF was 188 determined by calculating the surface area (in deg 2 ) in the RF contour plots for which the normalized net The two previous example neurons illustrate that pAIP neurons can have confined RFs, either at 226 the fovea or at parafoveal positions. However, we also observed neurons that responded over a large 227 region of the central visual field. For example, the neuron in Figure 2C The last two example neurons in Figure 2D and E illustrate even more clearly the complex RF 236 profiles we observed in a subpopulation of pAIP neurons. The neuron in Figure 2D The example neurons in Figure 2 were all tested with images of objects measuring 3 deg. 261
However, we recently showed that pAIP neurons frequently also respond to very small contour 262 fragments measuring merely 1-2 deg . It might therefore be argued that the 263 complex, nonuniform RF profiles we observed were related to the fact that these pAIP neurons respond 264 mainly to small parts of the contour instead of the entire shape. Accordingly, we also determined the RF 265 of 58 pAIP neurons with the most elementary stimulus to which the cell responded (by at least 70% of 266 their maximal response). Figure 3 shows the RFs of the same neurons illustrated in Figure 2 tested with 267 contour fragments. The example neuron in Figure 3A only responded to the image of the scissors at the 268 fixation point (Figure 2A) , and showed the same behavior when tested with the simplest shape feature 269 to which the neuron responded (two parallel line fragments, Figure 3A ). The 2D correlation coefficient 270 between the RF determined with the intact image and the RF determined with the best fragment 271 equaled 0.74 (two-way ANOVA, interaction between shape and position, p = 0.623). In contrast, the RF 272 profile of the neuron illustrated in Figure 3B was very different when we used a small contour fragment 273 compared to the intact object image ( Figure 2B ): although the region eliciting the highest response was 274 located in the lower contralateral hemifield at a parafoveal position when tested with the intact image 275 (both preferred and nonpreferred), this neuron responded best when the most effective contour 276 fragment appeared in the upper contralateral quadrant ( Figure 3B , left panel), and when a different 277 fragment was used (right panel of Figure 3B ), the neuron responded in the ipsi-and contralateral visual 278 field. Hence, the 2D correlation coefficient between the preferred intact image RF and the preferred 279 fragment RF was relatively low (0.22; two-way ANOVA, interaction between shape and position, p = 280 0.127). Neurons in pAIP with large RFs showed a similar range of correspondences between the intact 281 image RF and the best fragment RF: the 2D correlation coefficient between the intact image RF and the 282 best fragment RF was higher for the neuron in Figure 2C and 3C (0.54 ; two-way ANOVA, interaction 283 between shape and position, p = 0.957), but very low for the neurons illustrated in Figure 2D and 3D, and 284 2E and 3E (2D correlation coefficient = -0.18 and -0.12, respectively; two-way ANOVA, interaction 285 between shape and position, p = 0.002 and 0.001). Overall, however, RF size did not correlate strongly 286 with the correspondence between the best image RF and the best fragment RF (r = 0.30). 287
We verified the consistency of the RF profiles we measured by comparing the first half of the 288 trials to the second half of the trials for each neuron tested in the Position Test. The example neurons in 289 Figure 4A and D showed a very nonuniform RF (the cell in Figure 4A is the same as in Figure 2D ), which 290 was similar in both sets of trials (compare Figure 4B to Figure 4C , and Figure 4E to Figure 4F ). The 2D 291 correlation coefficient between the first half and the second half of the trials (preferred image) was 0.77 292 for the neuron in Figure 4B -C, and 0.81 for the neuron in Figure 4E -F. On average, the correspondence 293 between the two sets of trials was relatively high (average 2D correlation coefficient = 0.68 for the 294 preferred image and 0.54 for the nonpreferred image), which indicates that the complex RF profiles we 295 observed were indeed reliable. 296
In our population of 81 pAIP neurons, 36 (44.4 %) showed large homogeneous RFs when tested 297 with the preferred image (ANOVA on the net responses to the preferred image, p > 0.05), and 45 (55.6 298 %) showed confined RFs (ANOVA p < 0.05). In this latter group , 18 neurons (40%) exhibited a uniform 299 RF with a single local maximum, mostly at the fovea (15/18), whereas the remaining 27 neurons (60%) 300
showed nonuniform RFs, with 2 or more local maxima often extending into both the ipsi-and 301 contralateral visual hemifields. Our classification of the RF types was based on the responses to the 302 preferred image, but taking into account the responses to the nonpreferred shape did not alter the main 303 results: only a very small subset of the neurons (4/81; 4.9%) showed a large homogeneous RF when 304 determined with the preferred image, but a nonuniform RF when determined with the nonpreferred 305 image, similar to the example neuron in Figure 2D . Seven other neurons (7/81; 8.6%) showed the 306 opposite behavior. 307
We calculated the mean RF for preferred and nonpreferred images by averaging the normalized 308
responses of all 81 neurons tested ( Figure 5A ). Despite the large variability in RF sizes and profiles, the 309 average RF was centered at the fixation point (average RF size for the preferred shape = 46.50 deg 2 ) and 310 biased towards the contralateral hemifield. In a subset of the neurons (N=58), the RF was also measured 311 using the fragments. In this subpopulation of pAIP neurons, the average RF determined with intact 312 images ( Figure 5B ) was highly similar to that of the entire pAIP population. Although the selectivity for 313 the fragments was less pronounced than for the images (compare left and right panels in Figure 5B and 314 5C), the overall location and RF profile for the fragments (RF size for the preferred fragment = 71.25 315 deg 2 ) was similar to the RF for the images of objects. Whereas the RF size as determined with fragments 316 tended to be larger than the RF size as determined with images of objects, the average RF size did not 317 significantly differ between the preferred image RF and the preferred fragment RF (t-test, p = 0.483; 318 N=58). We also investigated where, in the visual field, pAIP neurons gave the strongest responses to the 319 preferred object image (in view of the large number of cells with nonuniform RFs it is difficult to use the 320 term 'RF center'). measured with fragments (r = -0.33; p = 0.01). We also investigated whether the differences in the RF 369 determined with the preferred and nonpreferred shape were associated with particular regions in the 370 visual field. To that end, we plotted the difference in the neural response to the preferred and 371 nonpreferred shape for all neurons with a nonuniform RF (N = 27). Figure 8 demonstrates that the 372 largest response differences between the preferred and the nonpreferred shape were observed around 373 the fixation point. 374
The marked nonuniformity of the RFs we observed might suggest that the RFs in pAIP were not 375 retinotopic anymore but rather object-or world-centered. To test this possibility, we mapped the RF of 376 59 pAIP neurons for two directions of gaze: towards the center of the display and in a direction 5 deg to 377 the ipsilateral hemifield. The example neuron in Figure 9A Figure 9C and D illustrate that the shifts 388 in the RF were indeed reliable. For the example neuron, the 2D correlation coefficient between the two 389 sets of trials was 0.84 for the preferred and nonpreferred images, respectively, and 0.71 and 0.89 for the 390 preferred and nonpreferred fragments, respectively. On average, the two sets of trials correlated 391 strongly (mean 2D correlation coefficient = 0.78 for the preferred image, and 0.74 for the preferred 392 fragment). 393
We plotted the distribution of the shifts in either the horizontal, the vertical or the diagonal 394 direction of the RF center (global maximum) for all 59 neurons tested ( Figure 9E ). The median shift in the 395 location of the RF center was 4 deg, indicating that most RFs in pAIP are indeed retinotopic. Even the 396 subpopulation of neurons with a nonuniform RF (i.e. two or more local maxima, N = 27) tended to shift 397 the position of the RF maximum by 4.3 deg on average. Consistent with these observations, the mean 2D 398 correlation between the RF determined with the two directions of gaze was very low (2D correlation = 399 0.03 for the preferred image and 0.08 for the nonpreferred image). We also verified that the observed 400 shifts were not simply due to noise in the data by calculating the shifts of the RF based on a test-retest 401 procedure (first half of the trials vs second half of the trials) for the condition in which the fixation point 402 appeared in the center of the display, and compared the distribution of these shifts with the observed 403 shifts. As expected, the distribution of the test-retest shifts was centered at zero, and differed 404 significantly from the observed distribution of shifts (Kolmogorov-Smirnov test, p < 0.001). 405
To better illustrate the nature of the pAIP RFs, we plotted the observed number of global 406 maxima at each position tested when the animal fixated a spot that appeared 5 deg to the left, together 407 with the predicted number of global maxima (based on the data when the animal fixated a spot in the 408 center of the display) according to the two reference frames, spatiotopic ( Figure 10A ) and retinotopic 409 ( Figure 10B) . Clearly, the retinotopic reference frame matches our observations much better than the 410 spatiotopic reference frame. from pAIP. Moreover, using electrical microstimulation of those patches during fMRI (EM-fMRI), 448 (Premereur et al., 2015) showed that the effective connectivity of pAIP differed markedly from that of 449 aAIP and LIP: while aAIP was connected to a somatomotor network including F5, PFG, and SII, pAIP was 450 connected to ventral stream areas TE and TEO, and the LIP site to area FST. Note that monkey C in our 451 study was also used in the EM-fMRI study of (Premereur et al., 2015) , and that the effective connectivity 452 of our recording site was highly similar to the pAIP sites of the other two animals in that study. An alternative view may be that our recording area simply represents the part of LIP that is 460 involved in making small saccadic eye movements. At least some of our RF data argue against this 461 alternative view. Almost two-thirds of the neurons we recorded had either large homogeneous RFs 462 (44%) or small foveal RFs (19%), both of which cannot result in spatially-selective saccadic activity. 463
Moreover, the example neuron with a foveal RF shows that a displacement of the optimal stimulus (a 464 line fragment measuring 1.5 deg) by a mere 2 deg reduced the response to baseline levels. If such a 465 neuron would encode small saccades, the saccade amplitudes would have to be less than 2 deg. 466
Obviously, the boundaries between cortical areas can be difficult to delineate as considerable overlap in 467 functional properties may exist, but the functional characterization based on task-related activity 468 (grasping vs saccades) seems highly appropriate to distinguish AIP from LIP. 469
Several RF characteristics we observed were quite unexpected for an area of the dorsal visual 470 stream. For example, a sizeable proportion of pAIP neurons only responded at the fovea and failed to 471 respond when the preferred stimulus was presented a mere 2 deg from the fovea, even when tested 472 with small line fragments. A second striking RF feature was the strong nonuniformity of the RF of many 473 pAIP neurons, with several local maxima interspersed with positions that evoked no or much less 474 response. Furthermore, the RF determined with images of intact objects frequently differed substantially 475 from the RF determined with line fragments, and different shapes could give rise to very different RF 476 profiles. Despite the RF nonuniformity and the strong dependence on the stimulus used to map the RF, 477
we found that the RFs in pAIP were predominantly retinotopic, consistent with a previous study 478 (Lehmann and Scherberger, 2013) . visually-guided grasping? In our study, a large fraction of pAIP neurons (38%) responded maximally at the 520 fixation point or at positions adjacent to the fixation point. Given the size of the stimuli we used to map 521 the RF (3 deg) and the observation that most pAIP neurons respond to the contour of the shape, the 522 shape features driving the response appeared very close to the fixation point when the shape was 523 presented at one of the positions adjacent to the fixation point, which can therefore also be considered 524 foveal. Obviously, the strong link between gaze direction and grasping point (Johansson et al., 2001 ) 525
suggests that AIP neurons with foveal RFs may play a role in the visual analysis of the object (or object 526 part) before it is grasped. It may be more difficult to provide a functional interpretation of neurons with 527 nonuniform RFs. Such neurons appear to possess multiple excitatory and inhibitory (or less responsive) 528 regions within their RF, but this RF structure may be stimulus-dependent. In our previous study ( 
